Phthalate esters exert deleterious effects on testicular physiology and, consequently, on reproduction and fertility. However, little is presently known concerning potential adverse effects of these environmental pollutants on the hormonal functions of the adrenal gland. Therefore, we have investigated the effects of administering to rats of different developmental ages di-2-ethylhexyl phthalate (DEHP) on the hypothalamicpituitary-adrenal axis in vivo, as well as on adrenocortical steroidogenesis ex vivo. Oral exposure to DEHP once daily for 4 days elevated the serum levels of ACTH and corticosterone in rats 20 and 40 days of age, but not in adult, 60-day-old animals. Furthermore, primary cultures of adrenocortical cells isolated from 20-and 40-day-old rats treated with DEHP exhibited an enhanced capacity to produce corticosterone in response to ACTH, dibutyryl cAMP, and 22R-hydroxycholesterol, as well as increased ACTH-stimulated transport of endogenous cholesterol into mitochondria. Neither DEHP nor its major metabolite mono-2-ethylhexyl phthalate altered steroidogenesis in cultures of adrenocortical cells isolated from untreated rats. These findings demonstrate that in male rats, DEHP exerts an age-dependent influence on the pituitary-adrenocortical axis in vivo and adrenocortical steroidogenesis ex vivo. Such perturbation may be of pathological significance in connection with disorders of the hormonal stress response, especially in very young human beings.
Introduction
Di-2-ethylhexyl phthalate (DEHP), the phthalate present in the general environment at highest levels, is employed as a plasticizer in a wide variety of consumer products, including food packaging, cosmetics, household products, and medical devices (Parks et al. 2000) . As a consequence, human exposure to DEHP, especially in medical settings, is significant and may be as high as 168 mg/day (Kavlock et al. 2002) . Such exposure is of particular concern in humans regarding fetuses and in extremely premature neonates under long-term care, in whom contact with DEHP-containing medical devices may raise safety questions on malformation of reproductive organs and neurological defects (Latini 2000) .
In vivo, DEHP is rapidly metabolized by pancreatic lipase to mono-2-ethylhexyl phthalate (MEHP) and 2-ethylhexanol (Albro 1975 , Albro et al. 1984 . The MEHP thus formed is immediately further oxidized to a variety of more polar products in vivo (Albro 1975 (Albro , 1983 as well as in in vitro systems (Albro et al. 1984) . The wellcharacterized reproductive toxicity (Foster et al. 2001) and hepatocarcinogenecity exerted by DEHP in rodents have been suggested to actually be caused by MEHP (Sjöberg et al. 1986a,b) .
Moreover, DEHP has anti-androgenic properties which include inhibition of fetal testosterone production and consequent malformations of male genitals (Akingbemi et al. 2001 , Gray et al. 2001 , Borch et al. 2004 . At the same time, exposure of prepubertal rats to this compound for 4 weeks increases serum levels of luteinizing hormone (LH) and the capacity of Leydig cells to produce androgens (Akingbemi et al. 2001) , suggesting that this phthalate may exert its antiandrogenic influence via the pituitary-gonadal axis. To date, most investigations of phthalate toxicology have focused on deleterious effects on the fertility and reproduction of humans and animals and little is known concerning the molecular effects on adrenocortical steroidogenesis, which plays a critical role in the regulation of stress responses and metabolic homeostasis. Therefore, the present study was designed to characterize the effects of exposing rats to DEHP on their pituitaryadrenal axis in vivo and adrenocortical steroidogenesis ex vivo. 
Materials and Methods

Materials
Animals
Sprague-Dawley rats (B&K Laboratories, Sollentuna, Sweden) at the initial age of 16, 36, and 56 days were divided into two groups so that there were no statistically significant differences between group body weight means. Each control and treatment group contained eight rats aged 16 days, 12 rats aged 36 days, and 15 rats aged 56 days. Animals with an initial age of 36 and 56 days were administered 750 mg/kg DEHP dissolved in corn oil or a corresponding volume of corn oil alone (controls) by gavage once daily for 4 days. The same protocol was used for younger rats with an initial age of 16 days, but the dose was reduced to 500 mg/kg DEHP as the higher dose showed acute toxicity. The described exposure to DEHP had no influence on the body weights of the animals irrespective of age group. The mean bodyweight in the control group was 320G11 and 317G12 g in for DEHPtreated rats aged 60 days. For 40-day-old rats, the corresponding values were 160G5 and 158G4 g; for 20-day-old rats, 50G2 and 48G3 g respectively. Twentyfour hours after the last gavage, animals were anesthetized with pentobarbital and blood was collected by intracardiac puncture and samples were immediately placed into EDTAcoated tubes and centrifuged at 2500 g for 15 min. The adrenals were removed for isolation of adrenocortical cells and plasma was collected and maintained at K80 8C for later analysis of corticosterone and ACTH. The experimental procedures were approved by the Northern Stockholm Committee for Ethical Animal Experimentation (registration no. N218/05).
Isolation and culture of adrenocortical cells
Adrenocortical cells were prepared from the adrenal glands of both control and DEHP-treated rats as described previously (Supornsilchai et al. 2005) . Briefly, following removal of the fat and connective tissue, the glands were minced utilizing a scalpel and the pieces thus obtained incubated with type IV collagenase (2 mg/ml) for 20 min at 37 8C. The resulting cell suspension was then filtered through nylon gauze (70 mm; Becton, Franklin Lakes, NJ, USA) and the cells collected by centrifugation at 300 g for 7 min and subsequently washed twice with MEM containing 0 . 1% (w/v) BSA. The washed cell pellet was resuspended in 2 ml HBSS containing 0 . 1% BSA, loaded on top of a discontinuous density gradient consisting of layers of 20, 40, 60, and 90% Percoll dissolved in HBSS, and centrifuged at 800 g for 20 min.
Following this density centrifugation, the adrenocortical cells recovered in the Percoll fractions with densities of 1 . In the ex vivo experiments, the cells from control and DEHPtreated rats of different ages (20, 40, and 60 days old) were cultured for 2 h at 37 8C under an atmosphere containing 5% CO 2 , following which they were incubated in the absence or presence of ACTH (0 . 1, 1, or 10 ng/ml), (Bu) 2 cAMP (1 mM), and/or 22R-OHC (10 mM) for 24 h. 22R-OHC is a membrane-permeable form of cholesterol which is widely used as a tool to bypass the active cholesterol transport processes and to test the activity of downstream steroidogenic enzymes. No alterations in cell viability or morphology were observed after this treatment as assessed by light microscopy and the WST-1 test. The reagent WST-1 is an uncolored tetrazolium salt that is cleaved to colored formazan by cellular enzymes. The amount of formazan dye-formed correlates directly with the number of metabolically active cells in the culture.
In the case of in vitro experiments, adrenocortical cells isolated from 20-, 40-, or 60-day-old rats were cultured together with 10 mM DEHP or MEHP for 24 h at 37 8C under 5% CO 2 , after which fresh medium containing DEHP or MEHP at the same concentration with or without ACTH (1 ng/ml) or (Bu) 2 cAMP (1 mM) was added and incubation continued for an additional 6 h. Again no alterations in cell viability or morphology were associated with such exposure to DEHP or MEHP. The concentration 10 mM DEHP or MEHP was chosen since pilot experiments showed lack of effect at 1 mM, and no different effect at 100 mM of these compounds. All cultures were performed under serum-free conditions.
Determination of hormone concentrations
Samples of plasma and medium from the adrenocortical cell cultures were stored at K20 8C prior to determination of the concentration of corticosterone present employing the V SUPORNSILCHAI and others . Effect of DEHP on the HPA axis in rats Coat-a-Count RIA kit (Diagnostic Products Corp., Los Angeles, CA, USA) in accordance with the manufacturer's instructions, as well as the concentration of pregnenolone by RIA employing specific antiserum (Fitzgerald Industries, Concord, MA, USA) and (7-3 H(N), pregnenolone (14 Ci/mmol; New England Nuclear Life Science Products, Boston, MA, USA). For assay of plasma levels of ACTH, blood samples from control and DEHP-treated rats were collected in tubes containing EDTA and plasma prepared by centrifugation and stored at K80 8C prior to quantitation of ACTH employing an immunoassay (Mdbiosciences, Zürich, Switzerland) in accordance with the manufacturer's instructions.
Monitoring cholesterol transport
For this purpose, triplicate samples each containing 30 000 adrenocortical cells isolated from control or DEHP-treated rats 20, 40, or 60 days of age were placed into each well of 96-well Falcon plates (Falcon), where they were first incubated at 37 8C under an atmosphere containing 5% CO 2 for 2 h. Thereafter, fresh medium containing aminoglutethimide (AMG) (0 . 5 mM), an inhibitor of cytochrome P450scc, and trilostane (5 mM), an inhibitor of 3b-hydroxysteroid dehydrogenase, was added and incubation continued for an additional 30 min, following which ACTH (0 . 1 ng/ml) was added and incubation performed for an additional 2 h. Inhibition of cholesterol metabolism in mitochondria by AMG and trilostane results in accumulation of this steroid in these organelles upon hormonal stimulation (Potts et al. 1978 , Robert et al. 2005 .
Subsequently, the cells were washed twice with medium and then incubated with trilostane (5 mM) in AMG-free medium at 37 8C under 5% CO 2 for 1 h. Under these conditions, the amount of pregnenolone produced by the cells reflects the amount of cholesterol available to the cytochrome P450scc system (Potts et al. 1978) . The pregnenolone concentrations in the culture media were determined as described previously.
Assay of hormone-sensitive lipase
Whole adrenal glands from DEHP-treated or control rats were placed in cold 50 mM Tris-Cl buffer (pH 7 . 0) containing 250 mM sucrose, 1 mM EDTA, and a cocktail of protease inhibitors (Roche) and sonicated twice for 10 s each time at 25 8C. Debris was subsequently removed from these sonicates by centrifugation at 14 000 g for 10 min at 4 8C, after which the supernatant was collected and its protein concentration determined by the Bradford (1976) procedure.
The substrate for this assay was prepared by adding 0 . 04 mmol cholesteryl-[
14 C] oleate (Amersham) and a mixture of phosphatidylcholine and phosphatidylinositol (3:1, 175 mg/ tube) to 2 ml of 100 mM potassium phosphate buffer (pH 7 . 0) and sonicating for 2 min immediately prior to use.
The enzyme activity was measured by incubating 150 ml of this substrate with 50 ml of the adrenal extract at 37 8C for 30 min. The reaction was stopped by addition of 1 . 6 ml methanol:chloroform:heptane (10:9:2), after which 0 . 5 ml borate-carbonate buffer (0 . 1 M, pH 10 . 5) was added, the tubes mixed by vortexing and centrifuged for 20 min, and finally, 0 . 5 ml aliquots of the upper phase thus obtained counted in a Beckman scintillation counter. The activities are expressed as pmol cholesteryl oleate hydrolyzed/mg protein per h.
Statistical analysis
The differences between various values were examined for statistical significance by one-way ANOVA, followed by the Student-Newman-Keul's or Dunn's test, employing the SigmaStat (v 3 . 00) package (SPSS, Inc., Chicago, IL, USA).
To test the hypothesis that age and treatment significantly affected ACTH and corticosterone values, two-way ANOVA was used. A P value of !0 . 05 was considered to be statistically significant. The levels of corticosterone and pregnenolone in culture media were expressed and analyzed as a percentage of the corresponding control value, in order to compensate for a variation of these control levels between experiments.
Results
Age-dependent elevations in the levels of ACTH and corticosterone in male rat plasma in response to exposure to DEHP Administration of DEHP to 20-and 40-day-old rats for 4 days by oral gavage resulted in 3-and 2 . 2-fold respectively, increases in their plasma concentrations of ACTH (Fig. 1A) . Furthermore, such exposure to this phthalate enhanced the level of corticosterone in the plasma of these rats by 100 and 40% respectively (Fig. 1B) . In contrast, identical treatment of rats aged 60 with DEHP did not significantly influence these same parameters ( Fig. 1A and B) . Analysis of the data by two-way ANOVA showed significant age-dependent differences in ACTH and corticosterone levels in the studied rats (P!0 . 001, FZ12 . 6 and 13 . 97 respectively) and confirmed a marked effect of DEHP on the levels of the investigated hormones (P!0 . 01, P!0 . 001, FZ7 . 6 and 21 . 3 respectively).
Age-dependent enhancement of ACTH-stimulated steroidogenesis by cultures of adrenocortical cells ex vivo isolated from DEHP-treated male rats As illustrated in Fig. 2 , the production of corticosterone by cultures of adrenocortical cells isolated from 20-and 40-dayold rats administered DEHP was stimulated more potently by ACTH than the corresponding production by cells isolated from control animals. In contrast, no such difference was observed in the case of 60-day-old rats (Fig. 2C) .
Age-dependent stimulation of steroidogenesis by adrenocortical cells isolated from DEHP-treated male rats cultured in the presence of (Bu) 2 cAMP or 22R-OHC ex vivo When steroidogenesis was stimulated downstream from the ACTH receptor by incubation in the presence of the second messenger (Bu) 2 cAMP, corticosterone production by cultures of adrenocortical cells isolated from DEHPtreated rats aged 20 and 40 days, but not 60 days was also significantly enhanced (2 . 3-and 2-fold respectively) compared with the corresponding control values (Fig. 3A) . Furthermore, 22R-OHC, a derivative of cholesterol that diffuses freely across biological membranes, was more rapidly metabolized to corticosterone by cells isolated from DEHP-treated 20-and 40-day-old rats, with, once again, no effect being observed in cells from rats aged 60 days (Fig. 3B) . Together, these findings indicate that in young, prepubertal rats, DEHP stimulates the adrenocortical enzymes involved in steroidogenesis.
Age-dependent stimulation of cholesterol transport in cultures of adrenocortical cells isolated from DEHP-treated male rats
Since the transport of cholesterol into mitochondria is essential for the maintenance of a high rate of steroidogenesis in adrenocortical cells (Jefcoate 2002) , we examined whether the stimulatory effect of DEHP on steroid production was associated with the activation of this transport process. Indeed, the levels of pregnenolone produced which reflect the availability of cholesterol to the cytochrome P450scc system (Hanukoglu 1992) by the cultures of adrenocortical cells isolated from DEHP-treated rats 20 and 40 days of age were enhanced significantly by 40 and 50% respectively; (P!0 . 05), whereas exposure of 60-day-old rats to DEHP did not alter cholesterol transport in the isolated cells (Fig. 4) . The effects of DEHP and MEHP, its major metabolite, in vitro were studied to compare if these chemicals are acting in the same way as in in vivo experiments. Neither DEHP nor MEHP, both tested at a concentration of 10 mM, had any statistically significant effect on in vitro activation of steroidogenesis in rat adrenocortical cells by ACTH or (Bu) 2 cAMP in any of the three age groups studied (data not shown).
Discussion
Our present findings demonstrate that short-term treatment of young (20-and 40-day-old) rats with DEHP stimulated both the pituitary-adrenal axis in vivo and adrenocortical steroidogenesis ex vivo. In contrast, no such effects were observed in adult, sexually mature animals, suggesting that the susceptibility of these processes to DEHP is dependent on the stage of development. We also found that the responsiveness of adrenocortical cells to ACTH in vivo is an age-dependent process. Despite the fact that basal ACTH levels were much higher in adult rats compared with young ones, plasma corticosterone values were lower suggesting a lower adrenal sensitivity to ACTH in the adult group. Based on our data, we calculated that the adrenals from 20-and 40-day-old rats secreted 6 . 5-and 2 . 7-fold higher levels of corticosterone in response to 1 pg ACTH than adult 60-day-old rats. These results are in line with the observation showing that aged rats have enhanced levels of ACTH, resulting in hypertrophy of the zona fasciculata and reticularis (Rebuffa et al. 1992) . In addition, although DEHP exposure did not affect ACTH levels of adult rats, the absolute values in the DEHP-treated adult rats were comparable with those observed in 40-day-old rats. The doses of DEHP used in this study were relatively high compared with those observed in human subjects with long-term exposure to DEHP-containing devices. Figure 3 Effects of (Bu) 2 cAMP or 22R-OHC on corticosterone production by cultures of adrenocortical cells isolated from DEHPtreated and control male rats aged 20, 40, and 60 days. Following incubation of these cells with 1 mM (Bu) 2 cAMP or 10 mM 22R-OHC for 6 h, the concentrations of corticosterone in the culture media were determined by RIA. The mean basal (control) values were 127G 3 ng/ml (20 days), 202G55 ng/ml (40 days), 198G48 ng/ml (60 days) for (Bu) 2 cAMP treatment, and 231G6 ng/ml (20 days), 463G 140 ng/ml (40 days), and 500G46 ng/ml (60 days) for 22R-OHCinduced corticosterone production. The results presented are the meansGS.E.M. of three independent preparations of adrenocortical cells. *P!0 . 05 compared with the corresponding control values. However, the premature neonates were found to be exposed to DEHP levels up to 100 times above the limit values. Depending on the intensity of the medical care, the exposure can reach up to 1780 mg/kg per day in such infants (Koch et al. 2006) . Further, to correlate toxic effects observed in animals with acceptable levels of exposure for humans, tenfold increases in DEHP exposure are commonly used for analysis of inter-and intraspecies variability (Xu et al. 2005) . We suggest that the exposure of prepubertal, developing male rats to DEHP stimulates the pituitary gland to produce ACTH, which in turn activates adrenocortical steroidogenesis. Accordingly, adrenocortical cells isolated from such rats exhibit an enhanced capacity to produce corticosterone in response to ACTH, (Bu) 2 cAMP, or 22R-OHC, as well as elevated transport of cholesterol into their mitochondria. All these cellular processes appear to be consequences of activation of a cAMP-protein kinase A (PKA) signaling pathway by ACTH. In contrast, no activation of hormonesensitive lipase, which regulates the size of the pool of free cholesterol available for steroidogenesis, was detected in DEHP-treated animals of any age.
In an attempt to determine whether DEHP or its major metabolite, MEHP can directly stimulate steroidogenesis by adrenocortical cells, cultures of such cells isolated from untreated rats were incubated with these compounds. The lack of any significant effect on either ACTH-or (Bu) 2-cAMP-induced steroidogenesis, indicates that DEHP and/or its metabolite(s) act directly on the pituitary-adrenal axis. This suggestion is in line with the findings that chronic administration of DEHP to male Fisher 344 rats results in hypertrophy of gonadotropes in the anterior pituitary and causes pituitary tumors (Kluwe et al. 1982) . This proposal is also in agreement with the observation that exposure of prepubertal male rats to DEHP for 28 days stimulates their pituitary-gonadal axis and enhances the capacity of their Leydig cells to synthesize androgens (Akingbemi et al. 2001) .
The mechanisms underlying our observations are not presently clear. One possibility is that DEHP inhibits the negative feedback effect of corticosterone on the hypothalamus and/or the pituitary of developing male rats, thereby resulting in hypercorticotropism.
Although there is no available information on the interaction of DEHP or its metabolites with the glucocorticoid receptor (GR), an indirect effect of phthalates on GR via modulation of peroxisome proliferator-activated receptor activities cannot be excluded. This type of nuclear receptors belongs to ligand-dependent transcription factors that are part of phthalate-signaling machinery regulating transcription of several target genes (Berger & Moller 2002) .
The hormonal response of the adrenal glands of young rats to treatment with DEHP is similar to that characteristic of stress, suggesting that DEHP could be considered as a chemical stressor acting on the pituitary-adrenal axis. Exposure to stressors is known to activate the hypothalamic-pituitary-adrenal (HPA) axis (Dunn & Berridge 1990) by stimulating a cascade of events involving the release of corticotropin-releasing factor (CRF) from the paraventricular nucleus (PVN) of the hypothalamus that leads to enhanced secretion of ACTH from the pituitary. This hormone stimulates corticosterone secretion from the adrenal cortex into the circulatory system. One possible mechanism by which DEHP could activate the HPA axis in young animals is activation of cytokine expression in the hypothalamus. This hypothesis is supported by several observations. First, acute exposure (hours) to phthalates was found to induce a rapid and transient increased production of interleukin (IL)-1 by the rat testis (Granholm et al. 1992) , and mono phthalates were recently shown to enhance IL-6 and IL-8 syntheses in the human epithelial A 549 cell line (Jepsen et al. 2004) . Secondly, proinflammatory cytokines have been reported to induce release of CRF from the PVN and augment neurochemical stimulation of the pituitary gland (Turnbull et al. 1998) . Apart from a stress response triggered by immuneinflammatory stimuli, cytokines may be involved in mediating hypothalamic responses to different types of stress. Various forms of psychological stress increased hypothalamic IL-1b levels and enhanced circulating level of IL-1b inducing release of the CRF and activation of the HPA axis (Nguyen et al. 2000) . Further, DEHP-induced stimulation of the HPA axis in young rats could also be mediated by modulation of the neurotransmitter system in other structures of the brain located upstream the hypothalamus. Such regulation has been shown for cocaine, inducing ACTH and corticosterone secretion via a dopaminemediated mechanism (Borowsky & Kuhn 1991) , which include activation of mesocorticolimbic dopamine transmission and CRF secretion from PVN (Sorg 1992) .
It can be speculated that the age dependency of the susceptibility to DEHP may reflect differences in the metabolism of this phthalate by immature and adult rats. DEHP is extensively metabolized after all routes of uptake. In a first and fast step, DEHP is cleaved into the monoester MEHP, which is again fast and extensively further metabolized by different oxidation reactions (Schmid & Schlatter 1985) . Therefore, differences in the levels and/or nature of hepatic metabolites of DEHP might explain, at least in part, the higher susceptibility of the hypothalamus and/or pituitary gland of younger male rats. A cocktail of DEHP-derived metabolites could directly stimulate the hypothalamus and/or pituitary of developing rats, thereby resulting in hypercorticotro pism. This suggestion is in line with the observation that the ability to excrete DEHP metabolites, e.g. MEHP, mono (2-ethyl-5hydroxyhexyl)phthalate (MEHHP), mono(2-ethyl-5-oxo-hexyl)phthalate (MEOHP) in urine is age dependent (Koch et al. 2004) . However, at the present stage, we lack knowledge on which one, if any, of these metabolites that are involved in the activation of the HPA axis in young rats.
In summary, our present investigation is the first to demonstrate that exposure of male rats to DEHP leads to an age-dependent activation of the pituitary-adrenocortical axis in vivo and of adrenocortical steroidogenesis ex vivo. These novel observations may indicate a specific susceptibility of the pituitary-adrenocortical axis of immature animals to this phthalate. From a translational perspective, the present findings V SUPORNSILCHAI and others . Effect of DEHP on the HPA axis in rats may have implications for human beings and in particular for newborns and small children, including premature infants, who may also be more exposed to environmental levels of phthalates than adults.
